Abstract: This paper proposes and demonstrates a novel coded amplitude and pulse position modulation (APPM) scheme based on 2-D cyclic iterative coding (TDCIC) for shortreach optical systems. By adopting the precoding, better performance can be obtained because of the bits correlation. An experiment with 150-Gb/s TDCIC coded APPM signal is successfully reached after 22.5-km transmission. The demonstration also shows that the precoded APPM format provides superior performances to the conventional APPM and pulse amplitude modulation formats on chromatic dispersion tolerance and launched optical power.
Introduction
To deal with the growing traffic requirements of Internet services, data interconnect, and cloud computing, short reach optical communication systems must provide greater bandwidth performance. Meanwhile, cost is the main limiting factor to achieve high capacity for short reach applications. With the goal of high bit-rate and low cost, intensity modulation/direct-detection (IMDD) is preferred to achieve the transmission rate up to 100 Gb/s or even more [1] - [3] . Besides the conventional on-off keying (OOK) format, advanced modulation formats have also received impressing attention in short reach optical system because of better performance and higher spectral efficiency [4] , [5] . Recently, several modulation formats have been applied as low complexity solutions, including pulse amplitude modulation (PAM), discrete multi-tone modulation (DMT), and carrierless amplitude phase modulation (CAP) [6] - [8] .
The 4-PAM has attracted widely interest for optical interconnection, passive optical networks and metro networks due to its low implementation complexity [9] , [10] . However, it has an inherent receiver sensitivity penalty and power consumption due to their multilevel structure, in comparison to OOK. The amplitude and pulse position modulation (APPM) utilizes both the amplitude and position in one pulse to convey information, which has the advantages of spectrum and energy efficiencies. It provides improved reciprocity between system performance and complexity.
In this paper, we propose and demonstrate a novel pre-coded APPM scheme for short reach optical system. A 2-D cyclic iterative coding (TDCIC) is adopted for pulse position and amplitude mappings. It employs bits correlation to improve the BER performance and chromatic dispersion tolerance. We experimentally demonstrate a 150 Gb/s pre-coded 4 × 16 APPM signal transmission over 22.5 km standard single mode fiber (SSMF). The performance comparison with 64PAM and uncoded 4 × 16 APPM signals is also given in the experiment. Fig. 1(a) shows the principle of our proposed 4 × 16 pre-coded APPM signal generation. The input bit stream is firstly split into six sub-streams via serial to parallel conversion, where 4 bits are used for position mapping and 2 bits are used for amplitude mapping. Every two sub-streams are grouped into one block for pre-coding before mappings. Fig. 1(b) details the flow chart of pre-coding. It mainly contains logic NOT gates, exclusive OR (XOR) gates with one-bit delay loop, bipolar conversions, and one-bit delay operations. The bipolar block aims at converting the bits into bipolar code. We assume that the two sub-streams can be written as {b i } and {b j }, respectively, and the output of XOR gates can be expressed as
Principle
The output of CIC can be expressed as
where c i and c j are the bipolar code values of b i and b j , respectively. The one-bit delay operations during pre-coding introduce bits correlation to avoid error propagation. Then the pre-coded information is sent for amplitude and position mappings and Fig. 2(a) shows the mapping schematic. The 4 × 16 APPM will be adopted to achieve better energy efficiency, as well as more balanced spectral efficiency, where 4-level amplitudes and 16 time-slot positions are used during mapping. The original six bits would be mapped into a symbol with 4 possible amplitudes and 16 time-slots in which only one slot contains energy signal. Because there are three pre-coding blocks, we define the outputs of CIC as s A , k , s T 1,k and s T 2, k , respectively. There first one is used for amplitude mapping and the others are used for pulse position mapping. The 4 × 16 APPM signal with TDCIC can be expressed as
where P T is the transmit power, T s is the symbol duration, and k is the pulse position. The parameter k can be expressed Fig. 2(b) illustrates the status transition diagram of the amplitude mapping, where
At the receiver side, it executes the corresponding inverse processing to recover the bits stream. First, we search for the amplitude peak in one symbol to find the pulse position. For the amplitude demapping, the detection logic after channel estimation resembles to PAM because it belongs to an intensity multi-level signal. The sampled value is compared against the threshold values, which corresponding to the different amplitudes as shown in Fig. 2(a) .
Experiment and Results
An experiment is conducted to evaluate the performance of proposed scheme and the experimental setup is illustrated in Fig. 3 , where IMDD system is adopted for demonstration. At the transmitter, the original data is first mapped into pre-coded APPM signal via offline digital signal processing (DSP). The pseudo-random binary (PRBS) data with length of 2 9 -1 is converted to six parallel streams and then sent to the mapping unit to conduct TDCIC coding and the final output is unipolar quaternary-level signal. Training sequence is inserted for post estimation and equalization. The precoded APPM symbols are loaded into a 50 Gs/s digital to analogue convertor (DAC) to generate electrical signal, where the signal has 2 samples per symbol. The raw data rate is 150 Gb/s. Then the electrical signal is amplified to a peak-to-peak voltage of 3.8 V via an electrical amplifier (EA) and used to drive a 40 GHz Mach-Zehnder modulator (MZM). A laser diode (LD) operated at 1551.72 nm with linewidth of 100 kHz and output power of 13 dBm serves as the light source. After a boost by an erbium-doped fiber amplifier (EDFA), the output optical signal is injected into a 22.5 km SSMF for transmission. As the modulation order increases, the symbols would drop into the nonlinear region of optical modulator and the performance would deteriorate. However, the influence on the APPM modulation would be smaller than that on PAM modulation due to the adoption of both pulse and amplitude mappings.
At the receiver, a variable optical attenuator (VOA) is placed after the fiber link to adjust the received optical power. The optical signal is detected by a photodiode (PD) with 3 dB bandwidth of 40 GHz. The detected signal is sampled by a 100 Gs/s analog to digital convertor (ADC) for offline processing. After resampling, the training sequence is extracted for estimation and equalization. The least mean square (LMS) algorithm is used to estimate the channel matrix. After symbol demapping, the bit error rate (BER) is calculated via error counting. Fig. 4 shows the BER as a function of received optical power for back to back (b2b) and after 22.5 km transmission. It can be seen that the receiver sensitivities for BER of 1 × 10 −3 are -15.5 dBm and -14.9 dBm before and after transmission, respectively. The power penalty is less than 0.6 dB. We also compare the performance with uncoded 4 × 16 APPM signal and 64PAM signal under same spectral efficiency, and the measured results are shown in Fig. 5 . It can be seen that the BER performance of the 64PAM modulation is much poor than the other two signals. According to the results, both the TDCIC 4 × 16 APPM and 4 × 16 APPM signals can reach a BER under the value of 1 × 10 −3 . However, the receiver sensitivity can be improved by 1.3 dB after TDCIC coding.
Next we have investigated the signal performance under different launch powers. Fig. 6 illustrates the BER performance versus signal launch power after 22.5 km transmission. Compared with 4 × 16 APPM signal, the TDCIC coded 4 × 16 APPM signal has better BER performance under the same launch power, which indicates lower power consumption in the practical use. This power difference becomes larger as the decrease of BER. When the launch power is higher than 4 dBm, the signal performance begins to deteriorate due to fiber nonlinearity. Compared with uncoded 4 × 16 APPM signal, the optimal BER is improved after TDCIC coding under the same launch power around 6 dBm.
We further evaluate the tolerance towards fiber chromatic dispersion for the above three signals, respectively. Fig. 7 depicts the chromatic dispersion tolerance of TDCIC 4 × 16 APPM compared with 64PAM and 4 × 16 APPM signals, which is tested under same system parameters. It is evident that the 64PAM signal displays the worst tolerance. The BER of 64PAM signal is far beyond 1 × 10 −3 , which indicates severe adjacent symbol crosstalk during transmission. Due to the higher quantization order, the 64PAM modulation requires more elaborate instruments to achieve better performance, e.g., DAC and ADC with higher resolution. The 4 × 16 APPM modulation can get better tolerance with cost-effective solution. Compared with uncoded 4 × 16 APPM, the TDCIC coded 4 × 16 APPM signal shows better dispersion tolerance in spite of having same spectral efficiency. During cyclic iterative encoding, the bipolar conversion can destruct the pulse interfere and the delay loop introduces the bit correlation to avoid error propagation. Chromatic dispersion tolerances around 56 ps/nm and 60 ps/nm at BER of 1 × 10 −3 are obtained, respectively, for the two signals.
Conclusion
We have proposed a novel TDCIC coded APPM modulation for short reach optical system. It can provide the system better spectral and power efficiency. A 150 Gb/s TDCIC coded 4 × 16 APPM signal is successfully demonstrated over 22.5 km fiber transmission. Compared with PAM and uncoded APPM modulations, the TDCIC coded APPM signal outperforms them in BER performance, launch power, and dispersion chromatic tolerance. The experimental results suggest that it is a potential way in the short reach optical system.
